Shortly after the discovery of topological band insulators, the topological Kondo insulators (TKIs) have also been theoretically predicted. The latter has ignited revival interest in the properties of Kondo insulators. Currently, the feasibility of topological nature in SmB 6 has been intensively analyzed by several complementary probes. Here by starting with a minimal-orbital Anderson lattice model, we explore the local electronic structure in a Kondo insulator. We show for the first time that the two strong topological regimes sandwiching the weak topological regime give rise to a single Dirac cone, which is located near the center or corner of the surface Brillouin zone. We further find that, when a single impurity is placed on the surface, low-energy resonance states are induced in the weak scattering limit for the strong TKI regimes and the resonance level moves monotonically across the hybridization gap with the strength of impurity scattering potential; while low energy states can only be induced in the unitary scattering limit for the weak TKI regime, where the resonance level moves universally toward the center of the hybridization gap. These impurity induced low-energy quasiparticles will lead to characteristic signatures in scanning tunneling microscopy/spectroscopy, which has recently found success in probing into exotic properties in heavy fermion systems.
Topological insulators (TIs) are a novel state of matter [1] [2] [3] . Different from conventional band insulators, the new class of materials exhibit not only a bulk insulating band gap but also gapless spin-filtered edge states in two-dimensions or a metallic Dirac fermion surface states in three dimensions. So far, the compounds HgTe, Bi 2 Se 3 , Bi 1−x Sb x , Bi 2 Te 3 , and TlBiTe 2 have been identified as weakly interacting TIs [4] [5] [6] [7] [8] , where the band inversion is driven by the spin-orbit coupling [9] . The main complication in these band insulators (especially Bi-based compounds) is that they still have a high concentration of bulk carriers, giving rise to a considerable residual conductivity in the sample bulk. Soon after their discovery, the possibility of interaction driven topological insulators [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] has been discussed in the context that the bulk insulating behavior may be enhanced by the interplay between electron correlation and spin-orbit coupling. In particular, there has been intensified interest in the possibility of topological Kondo insulators in f -electron materials. Kondo insulators are a type of heavy fermion materials that have been studied for nearly four decades. In these materials, the on-site Coulomb repulsion on localized felectrons significantly renormalizes the f -electron band width. Theoretically, the idea of TKIs has been first proposed by Coleman and co-workers, who showed that Kondo insulators could develop topologically nontrival ground states, which are connected adiabatically to those in noninteracting insulators [18] . The proposal has sparked a flurry of experimental attempts to demonstrate the existence of topological surface states on a prototype of Kondo insulators, SmB 6 , which is a stoichiometric compound (distinct from the topological band insulators as mentioned above) and has recently been suggested to be a class of topological Kondo insulators (TKIs) [27] . On the one hand, the notion of TKI has been adopted to explain results from several transport [28, 29] , de Haas-van Alphen effect [30] , angle-resolved photoemission spectroscopy [31] [32] [33] , and scanning tunneling microscopy (STM) [34] experiments. On the other hand, the ARPES has not unanimously agreed upon the associated Dirac cones while it has also been proposed that the resistivity in SmB 6 can arise through native surface instabilities such as a non-TI metallic surface states [35] , a band inversion layer [36] , or surface reconstruction [37] . Therefore, more theoretical and experimental efforts are needed to uncover the features manifesting the topological aspect of SmB 6 in particular and other interesting Kondo insulators in general. The use of single impurity with the STM technique has proved to be a powerful approach to distinguish the nature of underlying electronic states in strongly correlated electron systems. It has been used to identify the pairing symmetry in unconventional superconductors [38] [39] [40] , and to shed insight into the hidden order state in URu 2 Si 2 [41] . In this work, we propose to study the local electronic structure around a single impurity on the surface of a topological Kondo insulator. Within the Gutzwiller method, we are able to establish the necessary condition for the existence of a bulk energy gap near the Fermi energy. We further find that the existence of impurity induced bound state is sensitive to the potential strength. This dependence is unique to the topological nature of the Kondo insulator state, out of which the surface metallic state emerge. The prediction should be readily accessible to the STM experiments, in view of the recent success of this technique applied to understand the bulk and surface properties of SmB 6 [34, 37] .
Our starting point is a generalized periodic Anderson model
The term on the right-hand side (RHS) of Eq. (1), H 0 , describes the pristine bulk or slab structure of the heavy fermion system and consists of three parts:
, describes the single-site impurity scattering, which without loss of generality is located at the origin of the lattice coordinate system. Here the operators c † iσ (c iσ ) create (annihilate) a conduction electron at site r i with spin projection σ while the operators f † iα (f iα ) create (annihilate) a f -level electron at site r i with pseudo-spin projection α representing the Γ 8(2),+ and Γ 8(2),− components due to strong spin-orbit coupling [22] . The number operators for c and f orbitals with spin projection are given by n c iσ = c † iσ c iσ and n f iα = f † iα f iα , respectively. The quantity t c ij is the hopping integral of the conduction electrons, ǫ f is the local f -orbital energy level on the magnetic atoms, and µ is the chemical potential. The hybridization matrix between the conduction band and f -orbital on the magnetic atoms is represented by V cf,ij and the f -electrons on the magnetic atoms experience the Coulomb repulsion of strength U f . For a simple cubic lattice, by considering the hybridization between 6s and 4f electrons of rare-earth systems in the limit of strong spin-orbit coupling for the f -electrons, one can model the nearest-neighbor three-dimensional hybridization in the form [22] : V cf,ij = d ij · σ. Here σ is the Pauli matrix and
The quantity a is the lattice constant of the simple cubit system. We note that although for the typical systems like SmB 6 , the dominant hybridization could occur between 5d and 4f orbitals, the hybridization structure should be similar and the essential physics as described in the present work should be robust. In addition, we have also introduced a RudermanKittel-Kasuya-Yoshida (RKKY) type pseudo spin interactions to describe the spin liquid [42] [43] [44] [45] .
This type of effective models have been most studied for the non-Fermi-liquid physics near the heavy-fermion quantum criticality [46] . We generalize the Gutzwiller approximation [47] to solve the pristine part of the Hamiltonian H 0 and proceed to study the local electronic structure around the single impurity within the T -matrix method [38] . The technical details are described in the Methods section. Throughout the work, the energy is measured with respect to the Fermi energy filling factor is chosen to be n tot = 1.95. For our purpose to look into the local electronic structure around a single impurity on the surface, a slab geometry with a stack of 50 planes along the z-direction is considered.
We begin with the electronic structure on the surface of the Kondo insulator. To do so, we have determined the topological characteristics of the Kondo insulating state in the system bulk through the calculation of the Z 2 topological indices (see Methods section). Dependent on the location of the localized f -level ǫ f , the Kondo insulating states can be characterized into two strong topological insulating (STKI) regimes, which are separated by one weak topological insulating (WTKI) regime [18] (see also the Methods section). Hereafter we call the two STKI regimes STKI-I and STKI-II. In previous model calculations, although the topological structure has been systematically studied, no much attention has been paid to the existence of a bulk energy gap near the Fermi energy, which is a necessary condition for a truly insulating bulk. Distinctly, we find that this condition can be satisfied by adjusting the chemical potential self-consistently so that the whole system is close to half filled in our minimal two-orbital model. Thereafter, we present results with the values of bare f -level to be ǫ f = −17, −7.5, and 2 to represent the STKI-I, WTKI, and STKI-II regimes. In Fig. 1 , the energy dispersion is shown along the in-plane bond and diagonal directions of the surface Brillouin zone (BZ) for the pristine slab geometry. It can be seen that for the WTKI state, there are two Dirac cones located at theX points, that is, the edges of the surface BZ. For the STKI-I state, there exists a Dirac cone at theΓ point, that is, the center of the surface BZ; while for the STKI-II state, there exists a Dirac cone at theM points, that is, the corner of the surface BZ. To gain further insight into the structure of the surface metallic states, we show in Fig. 2 the local density of states in the first three surface planes of the slab geometry.
Noticeably, the insulating gap for all three regimes is open near the Fermi energy, which makes the notion of Kondo insulator really meaningful. Furthermore, in the STKI-I state, we can see that most of the f -electron spectral weight is lumped at the lower edge of the insulating gap, implying a dominant electrons occupation of the f -band; while in the STKI-II state, we see that most of the f -electron spectral weight is lumped at the upper edge of the insulating gap, implying a minor electron occupation of the f -band. In the WTKI state, the f -electron spectral weight is about equally distributed at the lower and upper edges of the energy gap. These unique distribution of the f -electron spectral weight near the gap edges seems to be closely related to the number of Dirac cones and their locations in the three TKI regimes.
We next explore the effect of a single impurity on the surface of the Kondo insulator. As we have mentioned in the introduction, a study of the local electronic properties around these single impurities will help elucidate the underlying feature of the electron states. They are especially effective in a wide range of Dirac materials including d-wave superconductors, graphene, and surface metallic states in band topological insulators. Figure 3 shows the local density of states (LDOS) around a single nonmagnetic impurity for three regimes of Kondo insulating state. The LDOS is measured at a site nearest neighboring to the impurity site. For each regime, the LDOS for the f -electron per spin is shown for a sequence of values of impurity potential strength from the repulsive unitary limit to the attractive unitary limit. For the STKI-I regime, the intragap impurity resonance peak occurs when the strength of the impurity potential is around U imp =2.0, 1.5, and 1.0. Noticeably, the intragap resonance peak is shifted monotonically from positive energy side to the negative energy side and then merges with the spectrum continuum at the lower edge of Kondo insulating gap (see Fig. 3(a) ), when the impurity potential is changed from the positive unitary limit toward the negative unitary limit. Correspondingly, for the STKI-II regime, the intragap impurity resonance peak occurs when the strength of the impurity potential is around U imp = −2.0, −1.5, and −1.0. Now the intragap resonance peak is shifted monotonically from negative energy side to the positive energy side and then merges with the spectrum continuum at the upper edge of Kondo insulating gap (see Fig. 3(c) ), when the impurity potential is changed from the negative unitary limit toward the positive unitary limit. Therefore, an interesting dual relation between the STKI-I and STKI-II regimes is established. We emphasize here that in the strong topological Kondo insulating regimes, there exist no impurity resonance states in the unitary limit of impurity scattering. On the contrary, in the WTKI regime, a re-entrant behavior of the impurity resonance state is obtained. The impurity resonance peak is pinned on the lower edge side of the Kondo insulating gap center (see the bottom red line of Fig. 3(b) ) in the unitary limit of a repulsive impurity potential. With the decreasing repulsive impurity potential, the peak is shifted toward the negative energy side of the f -electron spectrum continuum. After the impurity potential changes sign from being repulsive into being attractive, the resonance peak emerges out of the f -electron spectrum continuum with the increased strength of the potential scattering. This peak is finally pinned on the upper edge side of the gap center as the unitary limit of an attractive impurity potential is reached (see the top black line of Fig. 3(b) ). Therefore, for the WTKI regime, the most salient feature is that there exist impurity resonance states in the unitary limit of impurity scattering regardless of being repulsive or attractive. The different response of electronic states to the impurity scattering on the surface of different Kondo insulating regimes can also be revealed in the spatial dependence of f -electron LDOS around the impurity. As shown in Fig. 4 , for the impurity induced resonance states sustained only at the weak scattering of impurity potential in the STKI regimes, the LDOS intensity is spatially peaked at the impurity site itself; while the resonance states sustained at the unitary limit of impurity scattering for the WTKI regime, the LDOS intensity is depressed significantly at the impurity site and exhibits maxima instead at the four sites nearest neighboring (along the bond direction) to the impurity site.
The very different outcome of impurity scattering in the STKI and WTKI regimes, especially the absence of impurity resonance states in the STKI regimes versus the presence of the impurity resonance states in the WTKI regime in the unitary limit of impurity scattering, is believed to be related to the number of the Dirac cones hosted by the surface metallic states, which support only one Dirac cone in the STKI regimes while two Dirac cones in the WTKI regime. On the one hand, our observation for the WTKI regime, with the two Dirac cones on the surface, of the existence of the impurity resonance states in the unitary impurity scattering limit, agrees well with the generic feature of impurity scattering in other types of Dirac materials, where an even number of Dirac cones exist. In particular, we notice that the impurity resonance states have been obtained in the unitary limit of impurity scattering in both two-dimensional d-wave superconductors with four Dirac cones and graphene with two Dirac nodes. On the other hand, our observation in the STKI regimes of no impurity resonance states in the unitary impurity scattering limit echoes the expectation that surface metallic states with an odd number of gapless chiral modes supported by a strong topological insulator are enjoying topological protection against surface impurity scattering.
Thanks to the stoichiometric nature of the heavy fermion compounds, we expect that the emerging topological Kondo insulators can provide an unprecedented test ground for the rich results uncov-ered for the surface impurity scattering effect. Although there is no STM study so far to focus on these novel effects from the impurity scattering for the purpose of identifying the topological nature of Kondo insulators, there is equally no reason to exclude such a powerful approach.
Methods
Gutzwiller approximation method. Due to the presence of onsite Hubbard interaction U f between the f -electrons on each lattice site in Eq.
(1), the problem even for the pristine system H 0 is already strongly correlated. This strong correlation effect can be accounted for by reducing the statistical weight of double occupation in the Gutzwiller projected wavefunction approach [49] , and the projection can be carried out semi-analytically within the Gutzwiller approximation [50] [51] [52] . In the present problem, the lattice translation symmetry is already broken in the stab geometry, we thus use a spatially unrestricted Gutzwiller approximation [53] [54] [55] [56] [57] to translate the Hamiltonian H 0 for the pristine system into the following renormalized mean-field Hamiltonian:
where λ i and d i are the Lagrange multiplier and the double occupation at site i. We have usedf † iα (f iα )
to denote the quasiparticle field operators to differentiate from the truly f -electron operators in Eq. (1).
The spin liquid term is described by the resonant valence bond orderχ ij = αf † iαf jα /2. The local c-f hybridization and spin-exchange interaction have been renormalized by a factor of g t,iα and g s,i g s,j , respectively. These g factors are given by
and
Herenf iα being the expectation value of the pseudo spin-α density operator nf iα =f † iαf iα andnf i = αnf iα .
Minimization of the expectation value of H eff,0 leads to the following self-consistency conditions for λ i and d i :
Equation (2) can be cast into the Anderson-Bogoliubov-de Gennes (Anderson-BdG) equations [45] 
subject to the constraints given by Eq. (5). HereÎ is a 2 × 2 identity matrix,
, and hf ij = (ǫ f + λ i ) − µ)δ ij − 3J H g s,i g s,jχij /4. After the self-consistency is achieved, one can then calculate the projected local density of states (LDOS) as defined by:
where the Fermi-Dirac distribution function f F D (E) = [exp(E/k B T ) + 1] −1 . Throughout this work, the quasiparticle energy is measured with respect to the Fermi energy and the energy unit t c = 1 is chosen.
Determination of the Z 2 topological indices. It has been proved [48] that in an insulator with time-reversal and space-inversion symmetry, the topology is determined by parity properties at the eight high-symmetry points, k * m , which satisfy k * m = −k * m + G with G being the reciprocal lattice vectors. In the threedimensional simple cubic system, these vectors can be easily found to be k * m = (π/a)(n 1 , n 2 , n 3 ) with n i = 0, 1. The parity eigenvalue at these high-symmetry k * m points is given by:
where ξ c k = −2t c (cos k x a + cos k y a + cos k z a) − µ is the single-particle energy dispersion for conduction electrons in the three-dimensional bulk while ξ Calculation of the local electron density of states around the single impurity. Within the T -matrix approximation, the local electronic Green's function can be obtained as:
Here the bare Green's function for the pristine system is given bŷ
are the eigenstates of Eq. (6) corresponding to eigenvalues E n . The
Matsubara frequency ω n = π(2n + 1)T with n being an integer. For the bulk system, there is a translational invariance along three spatial direction, and we can perform the Fourier transform such that
with N L being the lattice size and
whereÎ is a 2 × 2 identify matrix and d k = V cf (−i sin k x a, i sin k y a, 2i sin k z a). For the slab system, there is a translational invariance in the slab plane and we can use represent the bare Green's function in a mixed
where N L,⊥ is the surface lattice size and
withφ iz,n (k ⊥ ) are the eigenstates of Eq. (6) but now written in the mixed representation with k ⊥ a good quantum number. Finally with the known bare Green's function, the T -matrix is given bŷ
oo (iω n ) the local Green's function while V imp is the local impurity scattering matrix. For the results reported in the paper, we take the intra-pseudospin channel scattering in the f -orbital with the strength of U imp . 
